Abstract: This paper studies the e ects of time delay spread on TCM in portable radio channels where equalization is not employed to mitigate frequency selective fading. The average irreducible bit error rate (BER) of three di erent TCM schemes are analytically formulated rst and then numerically evaluated by simulation. The results for delay spread lower than 0.2 of symbol period indicate that the performance of TCM schemes with interleaving/deinterleaving is much better than that of QPSK and better TCM schemes for at fading also give better performance under low delay spread. Analytical results indicate that a good TCM scheme in frequency-selective fading channels should have both large Euclidean distance and high degree of built-in time diversity. If higher time delay spread is encountered, TCM does not have advantages over QPSK. We also compare TCM performance with and without diversity. It is found that diversity greatly improves the performance under low delay spread, while the diversity gain quickly diminishes as rms delay spread approaches 0.2 of the symbol period.
Introduction
In digital portable radio transmissions, one of the main causes of bit errors is intersymbol interference caused by multipath propagation. If symbol rate is much lower than the coherent bandwidth, time delay spread can be neglected. In this case, multipath propagation only causes fading of signal level and Gaussian noise is the dominant factor that causes bit errors. If the symbol rate is relatively high, time delay spread cannot be neglected. In this case, the transmission signals will su er from frequency-selective fading, and the dominant factor that causes irreducible bit error rate is intersymbol interference 1]. In the past, much work has been done to characterize the performance of MPSK, 16QAM, QDPSK and FSK signals in frequency-selective fading channel [1] [2] [3] [4] [5] . Paper 6] analyzes the performance of QPSK with convolutional coding in frequency selective fading channel. In this paper, the e ects of time delay spread on di erent trellis-coded modulation (TCM) schemes with soft-decision Viterbi decoding are studied in portable radio channels where adaptive equalization is not employed. The average irreducible BER of TCM schemes with interleaving/deinterleaving is formulated analytically and numerically evaluated by simulation to compare their relative performance. In order to reduce irreducible BER, we also consider two branch diversity. Section 2 illustrates the system model. Section 3 describes TCM schemes and analyzes their performance in at and frequency-selective fading channels. Section 4 presents simulation results. Section 5 is the conclusion.
System model
The system diagram used is illustrated in Fig. 1 . It includes signal source/sink, TCM coding/soft decision Viterbi decoding, interleaver/deinterleaver and the radio channel. The purpose of interleaver/deinterleaver is to ensure that errors occur in bursts are spread so that they can be e ciently corrected. In this paper, we assume interleaver/deinterleaver is perfect such that errors occur randomly. In this case, we can assume samples of Rayleigh fading for every symbol are uncorrelated. 
where n is the delay of path n and h n (t) = h in (t)+jh qn (t) represents the time-variant multipath signal component of path n, which can be characterized as a zero-mean complex Gaussian process. Therefore, h in (t) and h qn (t) are independent zero-mean Gaussian random variables with variance
where E ] denotes ensemble average. Assume h(t; ) is wide-sense stationary and for uncorrelated scattering, its autocorrection function is E h (t; )h(t + t;^ )] = R h ( t; ) ( ?^ ):
Consider t = 0 for slowly fading channel, the resulting autocorrelation function R h (0; ) R h ( ) is simply the average power output of the channel as a function of time delay. For this reason, R h ( ) is called the power delay pro le of the channel. There is an important parameter for power delay pro le: the root-mean-square(rms) delay spread rms de ned as the square root of the second central moment 1], i.e., rms = v u u t
where the average delay D, i.e., the centroid of R h ( ),
If rms is a fraction of the symbol period, the irreducible BER is insensitive to the shape of delay pro le and it depends mainly on rms [1] [2] [3] [4] [5] . We therefore consider the equal-amplitude two-ray pro le for the simulation results.
Assume baseband signal u(t) is transmitted through the multipath channel, then the received signal is r(t) = X n h n (t)u(t ? n ) + n(t) (6) where n(t) is the additive white Gaussian noise with a double sided power spectral density N 0 /2. BER is evaluated in the following sections by considering Equation (6) using both analysis and computer simulation.
TCM in fading channels
The use of error correcting code can improve the performance of a digital communication system at the expense of bandwidth expansion. For power-limited channels, one may trade the bandwidth expansion for transmitted power in order to achieve a desired system performance. In the past, coding and modulation have been considered as two separate parts of a digital communication system. High performance is achieved by lowering the code rate and increasing the number of redundancy in the code at a cost of decoding complexity and bandwidth expansion. In 1982, Ungerboeck 9 ] presented a method that integrates a convolutional code with a bandwidth-e cient modulation scheme. Signi cant coding gain can be achieved compared to the uncoded schemes without requiring additional bandwidth. This technique is called TrellisCoded Modulation (TCM). In TCM schemes, a redundant 2 m+1 -ary signal set is used in order to transmit m bits in each signaling interval. The m input bits are encoded by a rate m/(m+1) trellis encode and m+1 encoded bits are mapped to the signal points of the 2 m+1 -ary signal set in such a way that the minimum Euclidean distance between channel-signal sequences is maximized. These codes have good performance in AWGN channel. Recently, it was found that good TCM codes for AWGN channel do not always have good performance in a Rayleigh fading channel 10, 11] . This implies that minimum Euclidean distance is not the most important factor in a Rayleigh fading channel. In the following, we will analysis the pairwise error probability of TCM in a Rayleigh and frequency-selective fading channel.
TCM in at fading channels
In this subsection, we will brie y summarize the performance of TCM in at Rayleigh fading 10,11]. Assume the transmitted signal S L = (s 1 ; s 2 ; :::; s L ) and received signal R L = (r 1 ; r 2 ; :::; r L ), where r i ,i=1,2,..,L, can be expressed as r i = b i s i + n i (7) where b i is the amplitude of fading process which is Rayleigh distributed. n i is a sample of the zero-mean Gaussian noise process with variance 2 . For maximum likelihood decoding with perfect channel state information, the upper bound of pairwise error probability using Cherno bound technique 8] can be expressed as
whereŜ L is a sequenceŜ L 6 = S L chosen by the Viterbi decoder. Es
No is symbol energy to noise spectral density ratio averaged over the Rayleigh distributed fading amplitude, is the set of all i for which S L 6 =Ŝ L . The length of , l , is called e ective length which is a degree of built-in time diversity. A tighter bound of TCM schemes in Rayleigh fading channels is derived by Slimane and Le- Ngoc 12] . This tight bound is equal to the Cherno bound multiplied by an extra factor. However, we can get a good insight from Equation (8) .
From Equation (8), we know that the pairwise error probability is inversely proportional to ( Es No ) l , and the larger l , the lower P(S l ;Ŝ l ). Therefore, the combined coding and modulation systems for at Rayleigh fading channel must have a large l , i.e., a large degree of built-in time diversity. To increase the degree of built-in time diversity, parallel transitions in trellis diagram of code should be avoided because it limits l to 1.
For the AWGN channel, pairwise error probability is dominated by Euclidean distance 
TCM in frequency-selective fading channels
In this subsection, we analyze the performance of TCM in a frequency-selective fading channel. Assume that the impulse response expressed by Equation (1) consists of M paths and that 0 l T s ; l = 1; :::; M. For a portable communications system using around 1-2 GHz RF carrier and several hundred K bit/s signaling rate, a radio channel can be considered to be quasi-static over many symbols such that a carrier recovery loop with a reasonable bandwidth can track channel variations ( with respect to the variable t in h(t; ) ) well. On the other hand, carrier recovery loop bandwidth is usually much lower than the symbol rate. Under these conditions, carrier phase at time t can be extracted from the average of h(t; ) over delay variable for several symbol periods 1], which can be approximated by the integration over the entire axis for the low delay spread condition considered in this paper, i.e. :
(t) ' phase of Z h(t; )d = phase of H(t; f)j f=0 (9) where (t) is recovered phase at time t and H(t,f) is channel transfer function at time t. Therefore, carrier recovery is equivalent to multiplying the following:
e ?j '
where we use h l to denote h l (t). Consider the transmitted signal u(t) as
where f(t) is the rectangular signaling waveform de ned as f(t) = 8 > < 
where D is the average delay expressed by Equation (5) Without loss of generality, we set D=0 and then Equation (12) = faded signal + ISI + Noise (13) where the rst term represents Rayleigh-distributed at fading signal due to multipath cancellation, the second term represents ISI when S m 6 = S m?1 and it is a sum of complex Gaussian multipath components h l 's weighted by phase-rotated ISI and l Ts .
Because the desired signal obeys Rayleigh distribution, the pairwise error probability expressed by Equation (8) This implies that good TCM schemes in at Rayleigh fading channels are also good codes in frequency-selective fading with very low delay spread. As delay spread increases, the condition of Equation (8) no longer holds, then the built-in time diversity can no longer be the only consideration. If the ISI term in Equation (13) In order to evaluate exact pairwise error probability P e , P e ( ) should be averaged over H; ; S L?1 .
Since it is di cult to obtain a closed form result, we employed computer simulation to obtain numerical results. However, Equation (21) provides a good insight for the TCM design. For a given , the pairwise error probability is determined by the noise, ISI and P L m=1 jd m j 2 which represents Euclidean distance between correct path and error path, the larger the Euclidean distance, the smaller the pairwise error probability P e ( ). Based on the above analysis, both built-in time diversity and Euclidean distance are important for TCM schemes in frequency-selective fading channels. A good TCM scheme should have both large built-in diversity and large Euclidean distance. In order to further lower BER oor, diversity and adaptive equalization 8] can be applied. In this paper, we consider only diversity technique. For a general diversity system, bit error probability is inversely proportional to ( Es No ) L d in the fading channel, where L d is the number of diversity branches 8]. 1] has shown that diversity can also improve the BER performance in a frequency-selective fading channel under low delay spread, which consistent with the analytical results shown in Equation (13) . In the following section, we will study TCM performance under delay spread by simulations.
Simulation results
Discrete-event simulation is employed to generate random bit stream and impulse responses. For a given impulse response, the sampling time and carrier phase are computed by equations (5) and (10), respectively. The decision variable for each event, including signal and ISI, is then obtained by the weighted sum of bit sequence and sampled impulse response before being used to calculate the BER at di erent noise levels 1]. In this section, we focus on three TCM schemes. They are Ungerboeck's 4-state 2/3 8PSK TCM, 8-state 2/3 8PSK TCM and a new 4-state 2/3 8PSK TCM introduced by Jamali and Le- Ngoc 14] . Their trellis diagrams are illustrated in Fig. 2 and 3. From Fig. 2 and 3 , we know the built-in time diversity of Ungerboeck's 4-state TCM is one because it contains parallel transitions, and 8-state TCM is two. The built-in time diversity of new 4-state TCM is also two.
The BER performance in AWGN and at Rayleigh fading with channel state information was obtained rst. The results are consistent with that of 9,10,14]. In the AWGN channel, Euclidean distance is the dominant factor. In at Rayleigh fading, 8-state TCM and new 4-state TCM have better performance than that of Ungerboeck's 4-state TCM because their built-in time diversity is higher. Ungerboeck's 8-state TCM is better than new 4-state TCM because it has more memory and larger Euclidean distance. Ungerboeck's 4-state TCM is better than uncoded QPSK.
To study the e ects of delay spread, we used equal amplitude two-ray pro le channel model and a receiver with matched lter. The signaling waveform considered is the rectangular pulse. 1] has shown that similar performance is obtained with a raised-cosine Nyquist signaling pulse. We use Equation (10) to estimate the phase introduced by the fading channel and use it to correct the carrier phase.
At high SNR, the simulation results are shown in Fig. 4 , in which the abscissa represents normalized rms time delay spread rms Ts , T s is symbol period. Fig. 4 shows that at low time delay spread, the irreducible BER of TCM is lower than that of QPSK. Among all TCM schemes, 8-state TCM and the new 4-state TCM in 14] are better than Ungerboeck's 4-state TCM. These results are similar to those in the at fading channel. For QPSK and Ungerboeck's 4-state TCM, their performances degrade with increasing time delay spread approximately as ( rms Ts ) 2 . For Ungerboeck's 8-state TCM and the new 4-state TCM, their performance degrade faster with increasing rms . This means built-in time diversity is the dominant factor on pairwise error probability at low delay spread. The larger the built-in time diversity, the lower the pairwise error probability. At high time delay spread, the performances of three TCM schemes are not as good as that of QPSK. The pairwise error probability is similar to that in AWGN channel at low E b =N o . These results are consistent with the analysis in section 3. In general, all schemes fail when rms Ts > 0:2.
For personal communication, the average bit error rate required is generally on the order 10 ?3 . For P b 10 ?3 , the maximum delay spread rms that the system can tolerate is as follows: a. Uncoded QPSK: rms Ts 0:033 b. Fig . 5 shows the simulation results with two branchs equal-gain combining diversity. It shows that the performances can be greatly improved using diversity at relatively low delay spread rms . If delay spread rms is relatively high, the performance improvement is reduced because both branches have high ISI. Fig. 5 also shows that the new 4-state TCM in 14] and Ungerboeck's 8-state TCM without diversity have a similar slope as that of QPSK and Ungerboeck's 4-state TCM with diversity since both cases have the same number of e ective diversity branches when both time diversity and antenna diversity are considered. This is consistent with analytical results of Equations (8) and (13) for the low delay spread case. This also indicate that good TCM scheme should have both large Euclidean distance and large built-in time diversity in the frequency-selective fading channel.
For P b 10 ?3 , the maximum delay spread rms that the system with two-branch diversity can tolerate is as follow: a. In general, higher bit rates are possible due to lower rms in practice. However, to support the order of several Mbps, adaptive equalization must be employed.
Conclusions
In this paper, we have demonstrated that the most important design criterion for TCM in frequency-selective fading is to maximize the built-in time diversity when delay spread is much smaller than symbol period. This criterion is the same as that in the at fading channel. Once delay spread is no longer small, Euclidean distance is also important; however, the TCM performance is not satisfactory without equalization. Using simulations, we evaluated the average irreducible bit error rate (BER) of three di erent TCM schemes. The analysis and simulation results indicate that the performance of TCM schemes with ideal interleaving/deinterleaving is much better than that of QPSK at low time delay spread and good TCM schemes in at fading channel also perform well under such an environment. The simulation results also con rm that good TCM scheme should have both large Euclidean distance and large built-in time diversity in frequency-selective fading channels.
For a performance of P b = 10 ?3 , TCM schemes can support more than twice the maximum bit rate supportable by QPSK. If time delay spread is relatively high, they do not have advantages over QPSK. Equal-gain combining diversity improves performance for all modulation methods signi cantly at relatively low delay spread rms . However, it was also found that the gain of TCM over QPSK is limited when diversity is employed. When rms approaches 0.2 of the symbol period, the diversity gain is severely limited. To achieve further improvement at relatively high delay spread ( rms > 0:2T s ), ISI countermeasures such as adaptive equalization must be employed.
